The precise mechanism of antibiotic-resistance-conferring ABC (ATP-binding-cassette) proteins (termed NBD 2 ) remains open to debate. Currently, two hypotheses are recognized. In one, the NBD 2 proteins are envisaged to act at the ribosome to impair antibiotic access to the target site on the 23 S rRNA. In the other, NBD 2 proteins are believed to act as the components of ATP driven efflux pumps by associating with membrane spanning proteins capable of binding and transporting antibiotics. Pertinent data in support of these two hypotheses are discussed in this paper.
The majority of ABC (ATP-binding-cassette) proteins, discussed in previous contributions to this symposium, act as ATP-driven transporters. However, some subfamilies of ABC proteins are evidently not associated with transport phenomena. These lack the TMDs (transmembrane domains) which form the translocation pathway across cell membranes, but do contain one or more copies of the NBD (nucleotidebinding domain), which is common to all ABC proteins [1] . The functions of TMD-less ABC proteins are being unravelled, and implicate the NBD as being a functionally malleable domain capable of influencing ribosomal biogenesis [2] , translational control [3] , DNA repair and chromosomal segregation [4] .
In recent years, alternative hypotheses have been presented for the function of a class of prokaryotic TMD-less ABC proteins, which consist of two NBDs fused in a single polypeptide. These proteins (here referred to as NBD 2 ; Table 1) are associated with resistance to MLS (macrolide, lincosamide and streptogramin antibiotics), which have widespread use in clinical treatment of pathogenic organisms and whose site of action resides at the ribosome polypeptide exit tunnel [5] .
Although lacking TMDs within their sequences (and absent from conserved operons encoding transmembrane proteins) these antibiotic resistance determinants, NBD 2 proteins, have been postulated to associate with inner membrane spanning proteins to form functional efflux complexes ('cuckoo' or 'hijacking' [6] hypothesis; Figure 1 , left-hand side). Evidence supporting this modus operandi has been obtained in studies in which an NBD 2 protein, Vga(A), associated with resistance to type A streptogramins, was found to be membrane-associated as determined by co-localization experiments [7] . Additionally, accumulation of ra- diolabelled erythromycin in a heterologous Staphylococcus aureus host is reduced upon transformation with the NBD 2 -encoding gene msr(A) [8] (but see below for a cautionary note). However, no candidate proteins for the TMDs have yet been identified. Furthermore, the ability of NBD 2 proteins to confer antibiotic resistance when expressed in heterologous hosts [7] [8] [9] [10] suggests that if they are associated with antibiotic export, then they have the ability to interact with more than one transmembrane protein. The plasticity of the NBD is not in question -it is employed in a number of distinct cellular processes. But, is it also a promiscuous domain, capable of forming productive, functional interactions with different transmembrane proteins? And if so, which component of the export complex would determine substrate specificity? Conventionally, ABC transporter specificity is conferred by the TMDs, yet an interaction in vitro between a macrolide and the NBD 2 resistance determinant itself has been proposed [11] , albeit requiring a concentration of oleandomycin 2-3 orders of magnitude greater than the minimal inhibitory concentration of this drug.
An alternative mechanism of action for antibiotic resistance determinants of the ABC protein family posits that the NBD 2 proteins are associated with a protective effect on the ribosome [12] , and that, by reducing the accessibility of the ribosomal target site for MLS drugs, NBD 2 antibiotic resistance determinants remove the driving force for antibiotic import [13] (Figure 1, right-hand side) . Although direct evidence in support of a ribosome protection mechanism is lacking, several indirect observations support this hypothesis. There appears to be a correlation between antibiotic specificities of NBD 2 resistance determinants and the binding sites of MLS antibiotics: both Msr(A) and MsrC mediate resistance to macrolides and type B streptogramins, antibiotics that share overlapping binding sites on the bacterial ribosome. Similarly, Lsa, Vga(A) and Lmo0919 all confer resistance to lincosamides and type A streptogramins (Table 1) . Importantly, at the sequence level, NBD 2 
Figure 1 Proposed mechanisms of NBD 2 antibiotic resistance determinants
Antibiotic (᭜), enters the cell passively, the driving force being the binding to the peptide exit site on the ribosome (dotted tunnel), to cause translational inhibition. In the 'cuckoo hypothesis', NBD 2 proteins (filled dumbbells) recruit a membrane-spanning protein to cause active efflux of antibiotic (left), while, alternatively, in the 'ribosome protection hypothesis', access of the antibiotic to its site of action is prevented by the NBD 2 protein (right), reducing the driving force for import.
eukaryotic ABCF subfamily of ABC proteins which are demonstrated to be involved in ribosome-associated events such as ternary complex formation, and activation of eukaryotic initiation factor-2 kinase [3, 12] . The association of ABCF proteins with ribosomal 40 and 60 S subunits has been demonstrated by sucrose-density-gradient centrifugation and
Western blotting (e.g. [3] ), although similar evidence for NBD 2 antibiotic resistance determinants is currently absent [7] . Similarly, the ability to prevent MLS B drug binding to ribosomes would confer a transferable antibiotic resistance on NBD 2 proteins, since the recognition site for MLS B drugs is a highly conserved feature of prokaryotic ribosomes [5] . Significantly, there is an intriguing parallel with the protection against tetracycline-mediated translation inhibition (prevention of ribosomal A-site occupancy by aminoacyltRNA [14] ). Tetracycline resistance determinants, such as Tet(O) and Tet(M), act in a GTP-dependent manner to reduce the affinity of the 30 S subunit for tetracycline. Furthermore, Tet(O) and Tet(M) are related in sequence to the GTPase EFs (elongation factors) EF-G and EF-Tu, in a clear parallel with the sequence relation between NBD 2 antibiotic resistance determinants and ribosomally associated ATPase ABCF proteins [12, 14] . Clearly, the alternative mechanisms of action of NBD 2 antibiotic resistance determinants warrant further investigation to elucidate whether this is a further example of the ability of the ABC to interact with the ribosome, or whether it represents a novel ability to recruit membrane spanning proteins.
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